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Abstract  

I t  is  usua l ly  assumed in,modern t h e o r i e s  of nucleosynthesis  

t h a t  t h e  i n i t i a l  composition of t h e  galaxy w a s  pure hydrogen. 

The l a r g e  s o l a r  and s te l la r  conten t  of helium has appeared t o  

be a d i f f i c u l t y  f o r  such an assumption. This  ques t ion  is  

examined i n  t h i s  paper. Numerical s t u d i e s  a r e  made of t h e  

t i m e  changes i n  t h e  compositions of s t a r s  and the i n t e r s t e l l a r  

medium as a r e s u l t  of stellar evolu t ion .  I t  is concluded t h a t  

t h e  large helium con ten t  of t h e  sun and recently-formed s t a r s  

c a n  only be produced as a r e s u l t  of t h e  evolu t ion  of stars of 

approximately s o l a r  mass. 

r e q u i r e s  a l a r g e  age f o r  the galaxy (2 2 x lo1' y e a r s ) .  

c o n t e n t  of long-lived r a d i o a c t i v i t i e s  i n  t h e  i n t e r s t e l l a r  

medium is  also followed as a func t ion  of t i m e .  I t  is  found t h a t  

t h e  ra t ios  of r a d i o - a c t i v i t i e s  are very i n s e n s i t i v e  func t ions  

Hence t h e  i n i t i a l  hydrogen hypothesis  

The 
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of t i m e  and are approximately those observed i n  the solar 

system a t  the t i m e  the helium content is sa t i s fac tory .  However, 

it is a l s o  concluded that  these r a t i o s  g i v e  l i t t le  useful  

information about cosmochr)Dnology. 
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I. In t roduc t ion  

Modern t h e o r i e s  which a t t r i b u t e  t h e  o r i g i n  of t h e  elements 
I 

t o  nuc lear  reactions i n  stars d e r i v e  t h e i r  s t r e n g t h  from t h e  

, 
I 

I 

observa t ions  t h a t  t h e  more abundant products  of such nuc lear  

r e a c t i o n s  are also t h e  more abundant nuc le i  i n  na tu re  (Burbidge, 

Burbidge, Fowler, and Hoyle 1957; Cameron 1957).  Because a l l  

of t h e  n u c l e i  observed i n  na ture  can thus  be formed, it has  

u s u a l l y  been assumed t h a t  t h e  gas from which the galaxy formed 

w a s  i n i t i a l l y  composed e n t i r e l y  of hydrogen. 

The product  formed i n  the f i r s t  s t a g e  of nucleosynthesis  

i s  helium. The i n i t i a l  composition of t h e  sun apparent ly  

contained about 24 per c e n t  of helium (Gaustad 1964),  while- t h e  

0 and B s t a r s  formed more r ecen t ly  con ta in  about 35 per c e n t  

helium ( A l l e r  1961). This i n d i c a t e s  t h a t  t h e  material forming 

t h e  sun and more r e c e n t  stars has  undergone a l a r g e  amount of 

nuc lea r  processing i n  s t e l l a r  i n t e r i o r s  i f  t h e  galaxy w a s  

i n i t i a l l y  composed of p u r e  hydrogen. 

For some t i m e  it has  been argued t h a t  t h e  bulk of t h i s  

nuc lea r  processing would have t o  t a k e  p l a c e  during t h e  very 

e a r l y  h i s t o r y  of t h e  galaxy (Burbidge e t  a1  1957; Taylor and 

Hoyle 1964). The essentials of t h i s  argument are as fol lows.  
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One assumes t h a t  t h e  sun has a heliuin con ten t  t y p i c a l  of t h e  

galaxy a s  a whole and c a l c u l a t e s  t h e  energy r e l e a s e  i n  a 

g a l a c t i c  mass of gas  f o r  t h e  coversion of about one q u a r t e r  of 

the hydrogen i n t o  helium. 

release is  an order  of magnitude g r e a t e r  than  t h e  p re sen t  energy 

ou tpu t  of a l l  t h e  stars i n  t h e  galaxy,  mu l t ip l i ed  by a reasonable  

g a l a c t i c  age. However, t h e  present  i n t e r s t e l l a r  medium is  only 

I t  is then  noted t h a t  t h i s  energy 

a very s m a l l  f r a c t i o n  of t h e  mass of t h e  galaxy,  and i f  t h e  

g a l a c t i c  age i s  l a r g e  then the  mass of stars formed from t h e  

i n t e r s t e l l a r  medium i n  t h e  l a s t  5 x 10 yea r s  w i l l  a l s o  be 

r e l a t i v e l y  s m a l l .  

t i o n .  

9 

Clea r ly  the  matter r e q u i r e s  closer considera- 

Furthermore, r e c e n t  s t u d i e s  of s t e l l a r  evo lu t ion  i n d i c a t e  

t h a t  l a r g e  amounts of helium could no t  have been produced by a 

p o s t u l a t e d  e a r l y  concentrat ion of 0 and B stars. 

(1964) has  followed t h e  evolu t ion  of massive s t a r s  through t h e  

hydrogen and helium-burning phases. H e  f i n d s  t h a t  i n  advanced 

s t a g e s  of evo lu t ion  t h e  more massive stars have only a t h i n  

l a y e r  of helium between t h e  hydrogen and helium-burning s h e l l  

sources  ( f r o m  3 t o  5 per  cent  of t h e  s te l lar  m a s s ) .  

exhausted c o r e  has  a much l a rge r  m a s s .  This  leads  t o  t h e  

expec ta t ion  t h a t  when such stars undergo supernova explosions 

they  w i l l  e ject  only s m a l l  amounts of helium and comparable 

Hayashi 

The helium- 
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amounts of heavier  elements.  Thus one cannot appeal  t o  the 

formation of l a r g e  numbers of 0 and B s t a r s  i n  the  e a r l y  h i s t o r y  

of t h e  galaxy t o  so lve  t h e  helium problem. 

This  paper p re sen t s  the r e s u l t s  of a study i n  which a n  

attempt is made t o  follow, numerically,  t h e  changes i n  t h e  

compositions of s t a r s  and the i n t e r s t e l l a r  medium, which t ake  

p l a c e  as a r e s u l t  of stellar evolu t ion  and the interchange of 

gas  between t h e  s t a r s  and t h e  i n t e r s t e l l a r  medium. There are 

many u n c e r t a i n t i e s  i n  our knowledge of t h e  s te l lar  parameters 

which must be assumed i n  this s tudy ,  and hence the s tudy  should 

be regarded only as a reconnaissance of the  problem using 

reasonable  va lues  of these  parameters. 

I t  w i l l  become evident  that  t h i s  problem con ta ins  most of 

t h e  elements of the bas i c  problem of cosmochronology. The solar 

system contained c e r t a i n  r a t i o s  of r a d i o a c t i v i t i e s  when it w a s  

formed. These i so topes  have d i f f e r e n t  h a l f - l i v e s ,  and hence 

they w i l l  have had d i f f e r e n t  histories as they have been pro- 

duced i n  s t e l l a r  i n t e r i o r s ,  mixed i n t o  t h e  i n t e r s t e l l a r  medium, 

and perhaps have been c i r c u l a t e d  through the i n t e r i o r s  of 

subsequent genera t ions  of s t a r s .  Fowler and Hoyle (1960) and 

Cameron (1962) have discussed possible cosmochronological 

h i s t o r i e s  of the galaxy. T h e i r  models w e r e  n e c e s s a r i l y  very 

c rude ,  s i n c e  they related t h e  bui ldup of r a d i o a c t i v i t i e s  and 



t h e i r  subsequent decay i n  t h e  i n t e r s t e l l a r  medium t o  rates of 

s t a r  formation i n  the galaxy,  gene ra l ly  assumed t o  be uniform, 

sudden, or involving an exponent ia l  v a r i a t i o n  w i t h  t i m e .  These 

s t u d i e s  y ie lded  r a t h e r  d i f f e r e n t  s o l u t i o n s  f o r  the t i m e  onse t  

of nucleosynthesis  i n  the galaxy. 

I t  is ev iden t  t h a t  a s a t i s f a c t o r y  s o l u t i o n  t o  the  b a s i c  

problem of cosmochronology must a l s o  a t tempt  t o  follow, 

numerically,  t h e  product ion of r a d i o a c t i v i t i e s  i n  the couse of 

s te l la r  evolu t ion  and t h e i r  subsequent mixing i n t o  the i n t e r -  

s t e l l a r  medium, temporary s to rage  i n  s t a r s ,  and decay i n  either 

loca t ion .  I t  becomes a t e s t  of any model for  the r a t e  of s t a r  

formation i n  the galaxy t o  determine whether the solar system, 

when formed, would have a s u i t a b l e  r a t i o  of r a d i o a c t i v i t i e s  as 

w e l l  as a s a t i s f a c t o r y  helium content .  

c a l c u l a t i o n s  w e r e  c a r r i e d  out  i n  paral le l  t o  the composition 

Hence cosmochronological 

c a l c u l a t i o n s  i n  t h i s  study. 

I n  ca r ry ing  o u t  th i s  study it w a s  necessary t o  make assump- 

t i o n s  about  t h e  s t e l l a r  luminosity b i r t h  rate func t ion ,  s te l lar  

evolu t ionary  l i f e t i m e s ,  the composition d i s t r i b u t i o n  a t  the end 

of t h e  evolu t ionary  lifetime, the amount of m a t e r i a l  re turned  

t o  t h e  i n t e r s t e l l a r m e d i u m , a n d  t h e  rates of production of radio-  

a c t i v i t i e s .  These are funct ions of s t e l l a r  mass. The assumptions 

are d iscussed  i n  the  following s e c t i o n s .  
, 

. 
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I n  order  t o  d e s c r i b e  t h e  g ross  effects of s te l lar  evolu t ion  

on t h e  composi t ional  h i s t o r y  of t h e  galaxy,  t h e  following 

assumptions have been made: 

( a ) .  The galaxy,  i n  a l l  periods of h i s t o r y ,  i s  

assumed s t r u c t u r e l e s s  and homogeneous, and any e f f e c t s  of s te l lar  

evo lu t ion  are immediately fe l t  throughout i t s  volume. 

(b ) .  The f r a c t i o n a l  m a s s  of the i n t e r s t e l l a r  medium 

a t  any t i m e  i s  completely determined by an assumed p r e s c r i p t i o n .  

Various p r e s c r i p t i o n s  have been used and w i l l  be d iscussed  later. 

( c ) .  Any m a t e r i a l  given o f f  by stars a t  t he  end of 

t h e i r  l i f e t i m e s  is immediately mixed wi th  t h e  i n t e r s t e l l a r  

medium and t h a t  mixture is  then used f o r  f u r t h e r  s tar  formation. 

( a ) .  The i n i t i a l  luminosity func t ion  ( o r  the b i r t h  

rate func t ion)  is independent of t i m e  i n  the sense  t h a t  f o r  any 

t i m e  i n t e r v a l  d t z  the 

mass i n t e r v a l  dfl t o  t h e  t o t a l  of stars formed of a l l  masses i n  

t he  s a m e  t i m e  i n t e r v a l  i s  independent of t he  t i m e  or the r a t e m  

of formation. 

r a t i o  of stars formed of massn i n  t h e  

(e ) .  The l i f e t i m e  of a star of given mass i s  inde- 

Thus, we  ignore t h e  e f f e c t s  on l i fe t imes  of pendent of t i m e .  

composition d i f f e r e n c e s  r e s u l t i n g  from stellar evolu t ion .  
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( f )  . A t  t i m e  ze ro  the  galaxy is  completely gaseous 

and composed of pure hydrogen. 

Following t h e  above w e  l e t  fl,(t) denote  t h e  mass of t h e  

i n t e r s t e l l a r  medium remaining a t  t i m e  t ,  and \ ( t )  denote t h e  

t o t a l  m a s s  of stars formed u p  to t i m e  t ,  so t h a t  

vg ( t )  = vg(o) - m s ( t )  + w t j  (1) 

where &(t) is  t h e  t o t a l  mass of gas  e j e c t e d  by a l l  evolved 

stars up t o  t i m e  t. flg(0) i s  the  t o t a l  g a l a c t i c  m a s s .  By  

assumption (b), Q(t) is known, so t h a t  only Ve and 777, remain 

t o  be determined i n  order  t o  spec i fy  t h e  evolu t ionary  turnover 

of gas  through galactic h i s t o r y .  

r e l a t i o n  between and as follows: 

To do t h i s  w e  ob ta in  a second 

L e t  Y(Mv) be t h e  i n i t i a l  luminosity func t ion  a s  a func t ion  

of v i s u a l  magnitude Mv, which i s  assumed t o  be known between 

t h e  magnitudes -5 and +20: (A  s p e c i f i c  d i scuss ion  of t hese  

d a t a  w i l l  be given i n  Sec t ion  111.) B e l o w  magnitude -5 no 

s t a b l e  stars a r e  assumed t o  e x i s t .  However, low mass stars wi th  

magnitudes greater than +20 a re  assumed t o  e x i s t , b u t  no d a t a  

about them are a v a i l a b l e .  To account f o r  t h e  mass contained 

i n  these stars we  follow Salpe ter  (1955) and d e f i n e  t h e  t i m e -  
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where R(Mv) i s  t h e  mass of a s t a r  of magnitude Mv. 

With t h e  a i d  of F w e  d e f i n e  t h e  "normalized" i n i t i a l  

luminosity func t ion  per u n i t  mass by 

so t h a t  

It  then  follows tha t  the  number of stars of magni-ude 

Mv i n  d M v  c r e a t e d  a t  time t i n  d t  is  

k(Mv) TTI(Mv) dWs dM, ( 5 )  

To compute the mass of gas  e j e c t e d  by a l l  stars a t  t h e  

end of t h e i r  l i v e s  we def ine  T ( M , )  as t h e i r  l i f e t i m e  and 

mr(Mv) as t h e  m a s s  of s t a r  remaining as a whi te  dwarf o r  super- 

nova remnant a f t e r  t h e  gas  is e j e c t e d .  A s t r a igh t fo rward  

c a l c u l a t i o n  then y i e l d s  

L 

where t h e  upper l i m i t  on the  time i n t e g r a l  is  z e r o  i f  T > > t  and 

t is t h e  i n t e g r a t i o n  v a r i a b l e  i n  t i m e  between t h e  l i m i t s  z e ro  

and t -7 .  The s o l u t i o n  of the  coupled equat ions  (1) and (6) is 

then  t h e  s o l u t i o n  desired. 

I 
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An a n a l y t i c a l  s o l u t i o n  i s  impossible,  and numerical  

techniques w e r e  used. With a s u i t a b l e  numerical procedure 

it i s  n o t  d i f f i c u l t  t o  extend t h e  a n a l y s i s  t o  inc lude  a d e t a i l e d  

accounting of t h e  major ma te r i a l  c o n s t i t u e n t s ,  hydrogen, helium, 

and the remaining class of heavy elements,  as a func t ion  of 

t i m e .  

t h e i r  subsequent e j e c t i o n  w i l l  be covered i n  Sec t ion  I V .  

The  d e t a i l s  of their  production i n  s tellar i n t e r i o r s  and 

The form of t he  func t ion  fig(t) i s  t h e  major v a r i a b l e  i n  

t h i s  model s i n c e  it governs, f o r  the m o s t  p a r t ,  the  rate of 

stellar formation as a funct ion of t i m e .  I ts form w i l l  be 

taken as a decreasing exponent ia l  o r  modified exponent ia l  t o  

conform w i t h  t h e  deduct ions of Eggen (1962),  Schmidt (1959, 

of star formation i n  t h e  past  is  much greater than the p r e s e n t  

rate.  The f i rs t  three authors  assume t h a t  the rate of formation 

has  been decreasing monotonically s i n c e  t i m e  ze ro ,  so t h a t  by 

some e a r l y  epoch i n  g a l a c t i c  h i s t o r y  most of the  primordial 

gas had a l ready  been converted i n t o  stars. 

hand, on t h e  basis of tk i n t e n s i t y  d i s t r i b u t i o n  of HandK 

Wilson, on the other 

spectral components i n  s t a r s ,  f i n d s  t h a t  t h e  s te l lar  formation 

rate s t a r t e d  slowly, reached a peak about the t i m e  of formation 

of 6 1  Cygni, and has been decreasing ever s i n c e .  To cover t h i s  
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range of p o s s i b i l i t i e s  t h r e e  forms f o r  V , ( t )  have been chosen: 

TT\g(t) = mg(O,e-at (7a) 

W g ( t )  = Q ( 0 )  (1 + a t  + 0.5 aa t2)e-at (7c) 

These func t ions  are arranged i n  order of inc reas ing ly  

de fe r r ed  per iods  of maximum stel lar  formation rates. Var i a t ion  

of the  q u a n t i t y  2 i n  the above r e l a t i o n s  a l l o w s  a wide range of 

p o s s i b i l i t i e s  t o  be examined. As w e  s h a l l  see i n  Sec t ion  V I ,  

it is  necessary t o  examine a l l  the possibil i t ies i n  equat ions 

(7)  because each equat,ion i s  a t t r a c t i v e  i n  some respects once 

a proper va lue  f o r  i s  determined f o r  it. 
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111. S t e l l a r  Masses, Lifet imes,  and Luminosity Functions 

W e  have chosen, as a r ep resen ta t ive  and consis ten$ set 
\ 

of r e l a t i o n s  between s t e l l a r  mass, l i f e t i m e  and i n i t i a l  

luminosity func t ion ,  those  given by Limber  (1960). Thus, 

the  i n i t i a l  luminosity funct ion f o r  s t a r s  w i t h  abso lu t e  v i s u a l  

magnitudes b r i g h t e r  than +5 c o n s i s t s  of an equal ly  weighted 

mean of three sets of values;  two by Sandage (1957) and one 

by van den Bergh (1957 ) .  One of those g iven  by Sandage is 

der ived  by modifying t h e  observed luminosity func t ion  of the 

solar neighborhood fo r  the effects of evolu t ion .  The remaining 

two sets are based on the luminosity func t ion  of young g a l a c t i c  

c l u s t e r s .  For stars f a i n t e r  than +5 the  observed solar  neigh- 

borhood luminosity func t ion  is  used, based on the assumption 

t h a t  t h i s  neighborhood c o n s t i t u t e s  a c losed  system whose f a i n t  

stars have no t  y e t  evolved away from the  main sequence. 

va lues  used are g iven  i n  Table 1 and Figure 1, where 'Y(Mv) is 

i n  a r b i t r a r y  u n i t s .  

The 
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I t  i s  est imated t h a t  the  t o t a l  mass of f a i n t  stars of 

magnitude g r e a t e r  than +20 not accounted f o r  i n  t h e  i n i t i a l  

luminosity func t ion  i s  about f i v e  per c e n t  of t h e  t o t a l  mass 

of s t a r s  which i s  a c t u a l l y  present .  I n  t h e  no ta t ion  of Sec t ion  

I1 t h i s  i s  equ iva len t  t o  s e t t i n g  F = 0.95. \ 

The s te l la r  masses and l i fe t imes  a r e  der ived  by L i m b e r  

from c a l c u l a t i o n s  of Schwarzschild and d & m  (1958) Henyey, 

LeLevier and Levee (1959), and o t h e r s ,  f o r  s t a r s  on o r  near  t h e  

main sequence. Not included i n  T ( M  ) a r e  t i m e s  spen t  during 
V 

t h e  l a t e r  s t a g e s  of evolut ion even though these t i m e s  may 

r ep resen t  perhaps as much as  30 per c e n t  of t h e  main sequence 

l i f e t i m e  (Woolf 1962). Furthermore, t h e  e f f e c t s  of d i f f e r e n c e s  

i n  i n i t i a l  chemical compositions have no t  been taken i n t o  

account i n  T ( M v ) 8  nor has  any a t tempt  been made he re  t o  eva lua te  

what these effects imply  for t h i s  work. 

g iven  i n  Table 1 and Figures 2 and 3 ,  where T ( M  ) is  i n  yea r s  

and N ( M  ) i s  r e l a t i v e  t o  one s o l a r  m a s s .  T ( M  ) is  n o t  l i s ted  

a f t e r  an M of +6.0 s i n c e  none of t h e  c a l c u l a t i o n s  performed 

go beyond a g a l a c t i c  age of 30 b i l l i o n  years .  

n ( M  ) and T ( M v )  a r e  
V 

V 

V V 

V 
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V 
M - 
-5 

-4 

-3 

-2 

-1 

0 

1 

2 

3 

4 
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I V .  Production of Hezvy-Elemen= 

A determinat ion of t h e  abundances of t h e  heavy elements 

demands t h a t  c e r t a i n  assumptions be made concerning the e f f e c t s  

of advanced s t e l l a r  evolut ion.  W e  must c a l c u l a t e  t h e  mass 

f r a c t i o n s  of t h e  var ious  c o n s t i t u e n t s  produced i n  these advanced 

s t a g e s  a s  a func t ion  of s t e l l a r  m a s s .  The genera l  p r e s c r i p t i o n s  

employed i n  t h e  p r e s e n t  work a r e  i l l u s t r a t e d  i n  Figure 4 and 

w i l l  be e labora ted  i n  the following d i scuss ion .  

Hayashi , Hoshi, and Sugimoto (1962)  have c a r r i e d  models 

f o r  stars of 0.7 M o l  4 Mo, and 15.6 Mo through t h e  phase of 

carbon burning. 

i n  m o d e l s  of inhomogeneous chemical cornpasition. Although -oar 

i n t e r e s t  i s  w i t h  t h e  advanced evolu t ionary  s t a g e s ,  it is 

appropr i a t e  t o  survey b r i e f l y  t h e  h i s t o r i e s  of these s t a r s .  

T h e  dep le t ion  of t h e  var ious  nuclear  f u e l s  r e s u l t s  

A star  of 15.6 q, a t  t h e  onse t  of hydrogen burning,  

c o n s i s t s  of a convect ive core and a r a d i a t i v e  envelope. 

Hydrogen burning i n  t h e  core  is  accompanied by a decrease  i n  

t h e  mass of the  co re  and t h e  growth of a r a d i a t i v e  reg ion  of 

varying hydrogen composition betweenthe co re  and t h e  envelope. 

During t h e  f i n a l  s t a g e s  of hydrogen burning i n  t h e  co re ,  hydrogen 

begins  t o  burn i n  a s h e l l  source surrounding t h e  core .  
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h 

The exhaustion of the  hydrogen f u e l  i n  t h e  core i s  followed 

by t h e  c o n t r a c t i o n  of the core,  t h e  temperature inc reas ing  u n t i l  

t h e  helium i n  t h e  co re  i g n i t e s .  I n  this i n i t i a l  stage of helium 

burning khe dep le t ion  of hydrogen i n  t h e  s h e l l  source r e s u l t s  

i n  the growth of the helium core and a c o n t r a c t i o n  of 

the hydrogen envelope. 

cons is t s  of a convective helium burning co re ,  an in te rmedia te  

r a d i a t i v e  helium zone,and a r a d i a t i v e  hydrogen envelope. 

Hydrogen burning cont inues  i n  t h e  s h e l l  ~ o u r c e  through the f i n a l  

s t a g e s  of helium burning. 

The s t r u c t u r e  of t h e  s ta r  a t  t h i s  s t a g e  

The d e p l e t i o n  of helium i n  the core r e s u l t s  f i n a l l y  i n  t h e  

c o n t r a c t i o n  of the core and the o n s e t  of carbon burning. 

t h e  e a r l y  phases of carbon burning the s ta r  c o n s i s t s  &f a 

convect ive carbon burning core,  a r a d i a t i v e  carbon reg ion ,  a 

r a d i a t i v e  helium region ,  and a convect ive hydrogen envelope. 

I n  - - 

The hydrogen she l l  source is  no longer  a c t i v e ,  b u t  helium 

burning proceeds i n  a s h e l l  source a t  the base of the r a d i a t i v e  

helium zone. 

For the purpose of our c a l c u l a t i o n s  w e  have asqumed t h a t  

the compositional s t r u c t u r e  of a star i n  t h e  f i n a l  phase of 

carbon burning corresponds t o t h e  s t r u c t u r e  a t  end of i t s  l i f e .  
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A s  t h e  c e n t r a l  temperature inc reases  s t i l l  f u r t h e r ,  neu t r ino  

p a i r  emission should speed up t h e  subsequent s t a g e s  of s te l lar  

evolu t ion  so much, t h a t  very l i t t l e  f u r t h e r  change i n  t h e  

composition of t h e  outer  p a r t s  of t h e  s t a r  i s  l i k e l y .  For a 

s tar  of 15.6 Mo i n  the f i n a l  phase of carbon burning (Hayashi 

e t  -- a l ,  1962) helium has  been destroyed o u t  t o  a mass f r a c t i o n  

q = 0.22 of t h e  s t a r ,  and hydrogen o u t  t o  a m a s s  f r a c t i o n  

q, = 0.272. The helium burning s h e l l  source,  which i s  rele- 
2 

vant  t o  our d i scuss ion  of t h e  r a d i o a c t i v i t i e s ,  i s  s i t u a t e d  a t  -- - 
. I n  our t rea tment  w e  a r e  n o t  concerned wi th  the degree of  

q2 

d e p l e t i o n  of carbon i n  t h e  core. 

Although t h e  d e t a i l s  of t h e  e a r l y  evolu t ion  of less . 

massive s t a r s ,  < 4 %, d i f f e r  somewhat from our previous 

d i scuss ion ,  t h e  exhaust ion of hydrogen i n  t h e  co re  f i n d s  them 

s i m i l a r l y  composed of a helium co re ,  a hydrogen s h e l l  source,  

and a r a d i a t i v e  hydrogen envelope. A s t a r  of 0.7 % w i l l  undergo 

a helium f l a s h  due t o  t h e  condi t ion  of e l e c t r o n  degeneracy i n  

t h e  core .  

A s t a r  of 4 % w i l l  no t  experience a helium f l a s h ,  b u t  w i l l  

proceed as d i d  t h e  15.6 % star i n t o  t h e  helium burning s t a g e .  

As helium d e p l e t i o n  continues i n  t h e  core t h e  hydrogen s h e l l  

sou rce  becomes i n a c t i v e .  E lec t ion  degeneracy i n c r e a s e s  wi th  t h e  
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growth of t h e  core;  t hus  t h e  exhaustion of helium i n  t h e  co re  

i s  followed by a carbon f l a s h .  Carbon burning proceeds i n  t h e  

co re  and through t h e s e  phases t h e  s t r u c t u r e  of a s ta r  of 4 % 

is  s i m i l a r  t o  t h a t  found f o r  a star of 15.6 Ma. The f i n a l  phase 

of carbon burning f i n d s  helium exhausted ou t  t o  a mass f r a c t i o n  

q = 0.258, and hydrogen t o  q = 0.288. There i s  a helium 
2 1 

burning s h e l l  source a t  q , t h e  base of t h e  r a d i a t i v e  helium 

zone. 

w i th  l i t t l e  change i n  t h e  outer  regions.  

2 

Again t h e  subsequent l i f e t i m e  i s  l i k e l y  t o  be very s h o r t  

For a s ta r  of 0.7 Ma the hydrogen s h e l l  source i s  a l s o  

i n a c t i v e  i n  t h e  e a r l y  s t a g e s  of helium burning. 

co re  w i l l  form as i n  t h e  case of t h e 4  Ma star .  

however, t h e  temperature never inc reases  t o  t h e  p o i n t  a t  which 

a carbon f l a s h  can occur.  The important development f o r  our 

cons ide ra t ion  is t h e  r e a c t i v a t i o n  of the  hydrogen burning s h e l l  

source.  T h i s  i s  found t o  take p l ace  i n  the  later phases of 

helium burning as t h e  helium burning co re  approaches t h e  

hydrogen envelope (Hayashi, 1964).  Under t h e s e  cond i t ions  

hydrogen d e p l e t i o n  w i l l  take p l a c e  t o  a l a r g e  e x t e n t .  

t h e  helium s h e l l  source  becomes i n a c t i v e .  

A degenerate  

I n  t h i s  i n s t ance ,  

Later 
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Table 2 summarizes Lhe r e s u l t s  of Hayashi, Hoshi, and 

Sugimoto (1962) f o r  t h e  mass f r a c t i o n s  wi th in  which hydrogen 

and helium have been exhausted, q1 and q2, as a func t ion  of 

s te l la r  m a s s .  

Table 2 , 

Mass Frac t ions  i n  which Hydrogen 
and H e l i u m  have been Exhausted 

0.7 % .76 .68 
4 .288 .258 

15.6 .272 I . . 2 2  

These r e s u l t s  correspond to  the  cond i t ions  p reva i l i ng  i n  t h e  

f i n a l  phases of carbon burning f o r  the  more massive s t a r s .  

For purposes of computation w e  have determined quadra t i c  f i t s  

t o  t h e s e  numbers f o r  t h e  t o t a l  mass i n t e r i o r  t o  the  hydrogen 

and heiium burning s h e l l s  as a func t ion  of stellar m a s s :  

r 

rl =,0.00264 m2 + 0.1552 m. + 0.365 (9) 

I n  t h e s e  and i n  t h e  ensuing expressions a l l  masses w i l l  be i n  

solar m a s s  u n i t s .  

The va lue  of Q quoted above f o r  a s t a r  of 0.7 I43 does 

n o t  inc lude  t h e  inf luence  of t h e  r e a c t i v a t i o n  of t h e  hydrogen 

burning s h e l l  source.  I n  an a t tempt  t o  incorpora te  ' th i s  e f f e c t  
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f o r  t he  s m a l l  m a s s  stars-we have assumed t h a t  hydrogen i s  

completely exhausted (ql = I)  i n  a i l  stars of mass less than 

MQ. This assumption projects forward Hayashi 's  c a l c u l a t i o n s  

and assumes t h a t  no m a s s  loss occurs  u n t i l  the very  l a t e s t  

stage of the s t a r ' s  evolut ion.  The reg ion  of hydrogen exhaustion 

f o r  stars of mass g r e a t e r  than Mo is  taken t o  be equal  t o  Ma 

u n t i l  ql m defined by equation (8) becomes equa l  t o  Ma. 

is  t h i s  gene ra l  p r e s c r i p t i o n  which d e f i n e s  t h e  hydrogen burning 

s h e l l  exh ib i t ed  i n  Figure 4 .  

It 

The stars i n  our model a r e  divided i n t o  t w o  d i s t i n c t  

classes: s m a l l  mass stars which evolve t o  whi te  dwarfs and 

massive stars which are assumed t o  become supernovas and to- 

l eave  behind an imploded remnant which, i f  s t a b l e ,  might 

become a neutron s ta r .  Some assumptions must be made concerning 

t h e  na tu re  of these  evolut ionary remnants. I n  our c a l c u l a t i o n s  

w e  have assumed t h a t  a l l  s t a r s  of m a s s  greater t h a n 4  % w i l l  

become supernovas. T h e  mass of the  imploded remnant i s  taken 

t o  be 0.175 of t h e  mass of t h e  s t a r :  

a remnant of 0.7 MQ. 

m a s s  less t h a n 4  % is assumed t o  be a whi te  dwarf. 

d w a r f  m a s s  i s  taken t o  be 0.7 M@ f o r  a l l  stars s a t i s f y i n g  

0 .7  * g, I n  erder t o  maximize helium e j e c t i o n  t o  t h e  

a s tar  o f 4  Mgthen l eaves  

The end p o i n t  of evolu t ion  f o r  stars of 

The w h i t e  
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i n t e r s t e l l a r  medium,for those stars f o r  which t h e  m a s s  i n t e r i o r  

t o  t h e  helium burning s h e l l  i s  less than 0.7 Ma, t h e  mass of 

t h e  white  dwarf remnant i s  taken t o  be equal  t o  q M: stars 
2 

i n  this range c o n t r i b u t e  no heavy elements t o  t h e  i n t e r s t e l l a r  

gas .  These gene ra l  p r e s c r i p t i o n s  d e f i n e  t h e  helium burning 

s h e l l  and t h e  appropr i a t e  remnants as exh ib i t ed  i n  F igure  4. 
-- 

It is  important t o  note t h e  problems a s soc ia t ed  wi th  t h e  

choice of t hese  var ious  p r e s c r i p t i o n s .  I n  gene ra l  Hayashi’s 

r e s u l t s  f o r  t h e  more massive stars, Tll24 Ma, r e v e a l  t h a t  l i t t l e  

helium w i l l  be produced. For a 15.6 s t a r  t h e  mass f r a c t i o n  . 

of t h e  helium zone, ql - q 2 ’  i s  .052 w h i l e  f o r  t h e  4 %case 

it is  only .03. Furthermore, t h e s e  mass f r a c t i o n s  a r e  small 

compared t o  t h e  mass f r a c t i o n  q of heavy elements i n  t h e  same 

s t a r s .  Thus even i f  t h e  p a s t  ra te  of formation of t h e s e  

massive s t a r s  has  been much g r e a t e r  t n a n  t h e  p re sen t  rate it 

would be d i f f i c u l t  t o  produce l a r g e  amounts of helium e i t h e r  

a b s o l u t e l y  or r e l a t i v e  t o  heavy elements. 

2 

If t h e  galaxy w a s  i n i t i a l l y  composed of pure hydrogen, it 

seems ap2aren-l t h a t  t he  evolu t ion  of smal l  m a s s  s t a r s  must 

account f o r  tke helium content  of t h e  i n t e r s t e l l a r  gas .  The 

r e a c t i v a t i o n  of t h e  hydrogen s h e l l  source i n  t h e  l a t e  s t a g e s  .. 
of helium burning for s t a r s  of mass < Ma might w e l l  provide 
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t h e  necesszry h e l i u m .  However, t h e  lpng l i f e t i m e s  a s soc ia t ed  

wi th  t h e s e  s t a r s  imFly high g a l a c t i c  ages. 

The s i z e  of t h e  evolut ionary remnants is t h e  determining 

f a c t o r  i n  t h e  mass of heavy elements produced i n  t h e s e  m o d e l s .  

Greenstein (1958) has  given an average va lue  of 0.55 M o  f o r  

a white  dwarf remnant. Our value of 0.7 rl, i s  chosen t o  f i t  

smoothly t o  t h e  mass of t h e  imploded remnant a t 4  although 

t h e r e  is  no phys ica l  necess i ty  f o r  con t inu i ty .  For those stars 

w i t h  0.7 > q  

q lTl. By t h i s  p r e s c r i p t i o n  w e  decrease  the average whi te  

dwarf mass t o  be  comparable t o  Greens t e in ' s  determinat ion and 

nZ t h e w h i t e  dwarf remnant is  assumed t o  have mass 
2 

2 

enhance t h e  production of helium. The choice of t h e  mass of 

t h e  imploded remnant a s  0.175 M i s  governed by t h e  need. t o  

produce reasonable heavy element abundances, although it is 

d i f f i c u l t  t o  change t h e i r  production by more than  a f a c t o r  two 

by using o the r  remnant masses. I t  is  i n t e r e s t i n g  t o  note  t h a t  

our p r e s c r i p t i o n s  r e s u l t  i n  t h e  production of approximately 

equa l  masses of heavy e l e m e n t s  from t h e  two c l a s s e s  of stars. 

W e  have f u r t h e r  assumed t h a t  secondary heavy elements 

The r a d i o a c t i v i t i e s  discussed are produced i n  supernovas. 

i n  Sec t ion  V a r e  assumed t o  be formed i n  t h i s  manner. I n  

f a c t ,  all t h e s e  nuc le i  except K4' are produced by neutron 

c a p t u r e  on a f a s t  t i m e  s c a l e ,  def ined  by t h e  condf t ion  t h a t  
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neutron cap tu re  l i f e t i m e s  a re  s h o r t  compared t o  beta decay 

h a l f - l i v e s  along the capture  pa th .  I t  is  bel ieved t h a t  t h i s  

s i t u a t i o n  w i l l  be r e a l i z e d  i n  supernova explosions (Cameron, 

1962).  

The implosion of 

i n  t h e  formation of a 

t h e  s t e l l a r  core ,  i n  t h i s  view, r e s u l t s  

shock wave which w i l l  propagate outwards 

through t h e  stcr. The important conclusion f o r  our p r e s e n t  

cons idera t ions  i s  t h a t  when t h i s  shock wave passes  through a 

reg ion  i n  which helium s t i l l  e x i s t s ,  a number o f ( a , n )  r e a c t i o n s  

a r e  i n i t i c t e d  r e s u l t i n g  i n  a s t r o s g  f lux  of neutrons.  This 

neutron flux is  requi red  t o  produce t h e  f a s t  t i m e  s c a l e  cap tu re  

1 
\ 

products  i n  which w e  a r e  interested.  B u t  the production of  

heavy elements r e q u i r e s  the  prev ious  opera t ion  of neutron 

c a p t u r e  on a slov t i m e  scale i n  t h i s  helium region ,  t hus  

r e s t r i c t i n g  us  t o  t h e  helium-burning s h e l l .  

I n  keeping with  t h i s  p i c t u r e  w e  have assumed t h a t  t h e  

product ion of t h e  secondary heavy elements is  p ropor t iona l  t o  

the mass of t h e  helium burning s h e l l  source i n  Hayashi ' s  

models. Again following Hayashi ' s (1962) models for t h e  

phase of carbon burning, t h e  r a d i u s  of t h e  helium burning s h e l l  

8 
source  f o r  a s ta r  Of4 % i s  r = 2.59 x 10 c m .  (q = .258). 

3 2 

T h e  temperature and d e n s i t y  a t  t h i s  p o i n t  are given by 

T = 1.66 x 10' OK for  the helium mass f r a c t i o n  and 
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3 
p = 2 . 4  x lo3  Sm/crn . 

Y = I, t h e  energy ger,;ration f o r  t h i s  reg ion  from t h e  t r i p l e  

al2ha process  i s  8 = 3.75 x I O 6  erg/gm.sec. 

the helium burning luminosity,  L = 1 . 2 8  x loa7 

can determine t h e  mass of the helium burning s h e l l  source,  

L/c = 3.4 x lo3' 

r = 5 .4  x 10 c m .  , T = 2.14 x 10'. OK, p = 5.01  x l o a  gm/cmP, 

6 = 3 . 2 1  x l o 7  erg/gm. sec., and L = 3.44 x lo3' erg/sec. 

The mass of the  helium s h e l l  source i n  t h i s  case is then 1.07 

1.67 x 10 gms. F i t t i n g  these t w o  p o i n t s ,  w e  f i n d  f o r  t h e  mass 

I f  w e  take for t h e  helium m a s 5  f r a c t i o n  

From t h e  va lue  of 

erg/sec. ,  w e  

gms. S imi l a r ly  f o r  a s t a r  of 15.6 Ma w e  have 

3 

2 

31 

02 t h e  helium burning shel l  source €or a s ta r  of mass M 

The exac t  f a c t o r s  of p ropor t iona l i t y  are n o t  requi red  here, 

as w e  w i l l  be i n t e r e s t e d  only i n  r a t i o s  of t h e  secondary 

heavy nuc le i .  This  e l imina tes  t h e  e r r o r  i n  our choice of 

Y = 1 i n  the  previous c a l c u l a t i o n s .  

Having def ined  t h e  s t r u c t u r e  of our two classes of s t a r s  

in t h e  Z i n a l  s t a g e s  of evolut ion,  t h e  abundances of t h e  var ious  

c o n s t i t u e n t s  of the i n t e r s t e l l a r  gas  can be followed d i r e c t l y .  

A s t a r  f o r m e d  at t i m e  t r  i s  formed w i t h  mass f r a c t i o n s  X ( t i ) ,  

Y ( t , ) ,  and Z ( t i )  of hydrogen, helium, and hea;y elements.  I n  

our  c a l c u l a t i o n s  the masses of heavy elements from t h e  two 
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classes of stars are followed i n d i v i d u a l l y ,  2 being the sum 
\- 

I 

of t h e s e  t w o  con t r ibu t ions .  A s t a r  of mass R has  an associated 

l i f e t i m e  T(R) determining t h a t  t i m e  t, + 7 a t  which it w i l l  

evolve and e n r i c h  the i n t e r s t e l l a r  gas .  The t o t a l  mass re- 

leased a t  the end of the  l i f e  is simply m, less t h e  mass of / 

the  a p p r o p r i a t e  remnant. The mass f r a c t i o n s  of hydrogen, 

helium, and heavy elements released are determined by t h e  

p r e s c r i p t i o n s  established above. 

I t  is  f u r t h e r  assumed tha t  t h e  hydrogen reg ion ,  mass 

m - qlm, is n o t  composed purely of hydrogen b u t  rather i t  

c o n t a i n s  the abundances a t  formation, X ( t , ) ,  Y ( t , ) ,  and 

z ( t l ) .  S i m i l a r l y ,  t h e  he l ium reg ion ,  mass q nZ - q Q, 
1 2 

c o n t a i n s  a mass f r a c t i o n  Z ( t l )  of heavy elements. * 

A t  t i m e  tl + 7 a whole d i s t r i b u t i o n  of stars w i l l  evolve 

of varying lifetime, hence varying i n i t i a l  composition. The 

to t a l  mass of t h e  var ious  c o n s t i t u e n t s  released by t h e s e  

stars is assumed t o  be mixed wi th  the  i n t e r s t e l l a r  gas. 

Stars born a t  t h i s  t i m e  are formed wi th  t h e  updated mass 

f r a c t i o n s  of hydrogen, helium, and heavy elements. 
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V. Treatment of R a d i o a c t i v i t i e s  

A knowledge of the  pr imordial  abundances of var ious  

r ad ioac t ive  nuc le i  and t h e i r  decay products becomes important 

i n  t r e a t i n g  the problems of cosmochronology and t h e  problem of 

the gene ra l  h i s t o r y  of t h e  s o l a r  system. I n  our t rea tment  of 

g a l a c t i c  evo lu t ion  w e  have traced t h e  abundances of f i v e  such 

nuclei :  these isotopes and their  decay c o n s t a n t s  

a r e  g iven  i n  the fo l lowing  table. 

Table 3 

Radioactive I so topes  and 
their  Decay Constants i 

Isotope Decay Cons tan t (x l  

Tha3 a 0.498 x lo-'' 

le" 0.555 x lo-' 
tF3 = 0.976 x lo-' 
p' 0.406 x 

Va= 0.154 IO-' 

The decay of t h e  r ad ioac t ive  n u c l e i  w a s  handled i n  the 

u s u a l  manner. The number of nuc le i  remaining a t  t i m e  t, N ( t ) ,  

is related to  t h e  number p re sen t  i n i t i a l l y ,  No, by: 
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I n  t h i s  formula it is  assumed tha t  a l l  of t h e  r a d i o a c t i v e  

mother n u c l e i  are formed a t  t h e  s a m e  t i m e  i n t e r v a l .  I f  w e  

assume, r a t h e r ,  t h a t  t h e  r a d i o a c t i v i t y  i s  formed a t  a cons t an t  

rate over some i n t e r v a l ,  T, then a t  t h e  end of t h i s  i n t e r v a l  

t h e  r a t io  of t h e  abundance of t h e  r a d i o a c t i v i t y  remaining t o  

the total  amount formed i n  the i n t e r v a l  is . 

This  formula w a s  employed, i n  p a r t i c u l a r ,  f o r  t h e  case of 

A l l  of t h e  o t h e r  r a d i o a c t i v i t i e s  s a t i s f y  t h e  cond i t ion  t h a t  

their  h a l f - l i v e s  be long compared t o  the chosen i n t e r v a l s  of 

t i m e  i n t e g r a t i o n .  

If we  are t o  be able t o  i n t e r p r e t  c o r r e c t l y  our r e s u l t s  

f o r t h e r a t i o s  of these a c t i v i t i e s ,  we  must consider  i n  some 

d e t a i l  t h e  accepted va lues  f o r  t hese  ratios and t h e i r  corres- 

ponding u n c e r t a i n t i e s .  The two ra t ios  wi th  which we  sha l l  be 

and "hsa / U**. Following . .  m o s t  concerned are U- / use 

Cameron (1962) t h e  p r e s e n t  r a t i o  of vd" t o  v"" abundances is  

0.00723. 

is 1.22 x lo" y e a r s  (Fowler and Hoyle, 1960). 

solar system is taken to  be 4.55 x 10 yea r s  (Pa t te rson ,  1956). 

This age r e f e r s  t o  t h e  chemical i s o l a t i o n  of lead from uranium. 

The d i f f e r e n t i a l  mean l i f e  of e6 r e l a t i v e  t o  v""" 
The age of t h e  

9 

'\ 
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This 

w e r e  

t rea tment  assumes furthermore t h a t  the earth and me teo r i t e s  

formed simultaneously w i t h  the sun. The pr imordia l  r a t io  

of e" / If3e is  thus  found t o  be 0.00723 exp (4.55/1.22) = 

0.301, w i t h  an a s soc ia t ed  e r r o r  of approximately ?loo/o. The 

d i f f e r e n t i a l  mean l i f e  of Tha3a 

years .  The value employed by Cameron (1962) f o r  the p resen t  

r a t i o  of Th- t o  Vas w a s  3.8 2 0.3 (Fowler and Hoyle, 1960), 

r e s u l t i n g  i n  a va lue  for the primordial ra t io  of 2.37 2 0.19. 

L o E r i n g  and Morgan (1964) f ind  a va lue  4.27 f o r  t h i s  r a t i o  

from a s tudy  of o l i v i n e  - p igeon i t e  and ord inary  chondr i t e s  

i n  which the uranium and thorium abundances w e r e  determined 

simultaneously.  Employing t h i s  va lue  for the p resen t  ratio,  

w e  f ind  the pr imordia l  r a t i o  of Th- 

(-4.55/9.63) = 2.66, w i t h  an error of about 20%. 

r e l a t i v e  to p3' is 9.63 x lo" 

\ 

t o  9' to be 4.27 exp 

These secondary heavy elements are assumed t o  have been 

made by a process of neutron cap tu re  on a fast t i m e  scale. 

+ The product ion r a t i o  bf e t o  v238 we s h a l l  adopt is  1.45 - 
2 W  (Cameron, 1962). The production r a t i o  of Th23a t o  p', 

i f  a l l  p rogen i to r s  are formed w i t h  equa l  abundance, is 1.85. 

An inc rease  of t h e  abundance slope of loo/, per mass number 

y i e l d s  a ra t io  2.02; a similar decrease of 10% per m a s s  

number r e s u l t s  i n  a ra t io  2.24. We sha l l  take 2.10 as a 

probable upper l i m i t  on the  product ion ratio. I f  there w e r e  



an abundance maximum on the f a s t  capture path near mass number 

240, the progenitors of p3* would be favored, and the pro- 

duction ratio would f a l l  to approximately 1.65 (Fowler and 

Hoyle, 1960). Taking this value as a probable lower l imi t ,  

. 25 

.20; 
we find for the production ratio of Thaa to pae , 1.85  

.. 

c7 
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V I .  Resu l t s  and Discussion 

The r e s u l t s  of our  i n v e s t i g a t i o n  are summarized i n  T a b l e  4. 

Each of t h e  three p r e s c r i p t i o n s  employed for t h e  rate of star 
( 

formation (equation 7 )  has  been examined for  va lues  of 'a '  

corresponding t o  the condi t ion  that  5% of the original gas 

remains a t  lo ,  15, 20,  and 25 b i l l i o n  years ,  . r e spec t ive ly .  I n  

t h i s  table Ts denotes  the time of formation of t h e  sun, 

determined by t h a t  t i m e  a t  which the helium abundance of  the 

i n t e r s t e l l a r  gas is  Y = 0.24 (Gaustad, 1964). The heavy 

element con ten t  of t h e  Zterstellar gas and the. ra t ios  of the 

# 

r a d i o a c t i v i t i e s  as obta ined  by our models for  Ts are also 

t abu la t ed .  

If we assume t h a t  t h e  s o l a r  system i s  4.55 x lo9 yea r s  

old (Pa t te rson ,  19561, we can  then  predict, .from our m o d e l s ,  

t h e  condi t ions  fo r  the present day galaxy. For Ts + 4.55 we  

have t abu la t ed  t h e  m a s s  f r a c t i o n s  Y and 2 of helium and heavy 

elements i n  the  i n t e r s t e l l a r  gas .  The f r a c t i o n a l  m a s s  of the 

galaxy i n  t h e  form of evolut ionary remnants and i n  stars of 

l ifetime greater than 30 b i l l i o n  yea r s  is  also presented.  

The compositional h i s t o r i e s  of t h e  galaxy for va r ious  of 

these m o d e l s  are i l l u s t r a t e d  i n  Figures  Sa, 5b, and 5c. For 

these same models the ratios e6 / v""" and Thaa / If3* are 

followed i n  t i m e  i n  F igures  6a, 6b, and 6c. The probable 
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error l i m i t s  i nd ica t ed  on these graphs inc lude  t h e  u n c e r t a i n t i e s  

both i n  t h e  production r a t i o s  and i n  t h e  accepted va lues  f o r  

the  pr imordial  abundance r a t i o s .  The ratios of t h e  112'  and 

i 

K" abundances t o  t h a t  of a stable nuc le i  formed by t h e  same 

p r e s c r i p t i o n  are plotted i n  Figures  7 and 8 for t h e  t i m e  

i n t e r v a l  T~ - 5 t o  T s  + 5. These r e s u l t s  are included because 

of t h e i r  i n t e r e s t  f o r  problems of nucleosynthesis  and cosmo- 

chronology, b u t  we  s h a l l  no t  attempt an i n t e r p r e t a t i o n  i n  t h i s  

paper 

I n  t h i s  i n v e s t i g a t i o n  w e  have sought t o  determine t h e  

e x t e n t  t o  which t h e  var ious  p r e s c r i p t i o n s  for t h e  ra te  of 

star formation r e s u l t  i n  reasonable va lues  for the composition 
\ 

of t h e  i n t e r s t e l l a r  gas .  Assuming that  the helium con ten t  of 

the sun i s  24% by mass, w e  can determine t h e  t i m e  of formation 
/ 

of t h e  sun from the i n t e r s t e l l a r  gas .  The mass f r a c t i o n  of 

heavy elements a t  t h i s  time should a lso approximate t h a t  

observed i n  t h e  sun, ,021 ( A l l e r ,  1961). The r e s u l t s  of a l l  

our  models agree  reasonably w e l l  wi th  t h i s  value,  

I t  is  ev iden t  t ha t  w e  can g a i n  l i t t l e  i n s i g h t  from an 

examination of t h e  ' r a t i o s  of r a d i o a c t i v i t i e s .  The r e s u l t s  of 

ou r  models for v"p" / and Th23a / U238 agree  wi th  the 

accepted  solar system primordial  va lues  wi th in  the l i m i t s  of 
r 

- probable error over a w i d e  range of p r e s c r i p t i o n s .  Furthermore, 
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as is  apparent  i n  F igure  6 ,  f o r  a g iven  p r e s c r i p t i o n  these 

r a t i o s  l i e  wi th in  the reg ion  of unce r t a in ty  over a broad 

range of g a l a c t i c  ages. 

The helium con ten t  of t h e  g a s  a t  t h e  p re sen t  t i m e  can be 

i n f e r r e d  from a s tudy of the compositions of 0 and B stars. 

A reasonable  va lue  f o r  Y ( T s  + 4.5)  is  -35 ( A l l e r ,  1961) . The 

values  of the p resen t  helium con ten t  of the gas  i n  our m o d e l s  

vary q u i t e  no t iceably  wi th  the  p r e s c r i p t i o n  for t h e  rate of 

star formation. The need t o  s a t i s f y  Y = - 3 5  a t  the p resen t  

t i m e  leads us toward high g a l a c t i c  ages. I 

This  s tudy  w a s  undertaken t o  determine whether the high 

helium con ten t  of the sun and t h e  0 and B stars might r e s u l t  
% 

from stellar evo lu t ion  s t a r t i n g  wi th  a pure hydrogen galaxy. 

So many unce r t a in  assumptions must be made t h a t  such a study 

cannot now determine whether t h e  pure hydrogen assumption is 

allowed or not .  But w e  consider  it t o  be s i g n i f i c a n t  t h a t  we 

have produced mode l so fga lac t i c  h i s t o r y ,  based on w h a t  we  

b e l i e v e  t o  be reasonable  assumptions, i n  which s a t i s f a c t o r y  

va lues  of t h e  helium contents  of the sun and of the 0 and B 

stars can be produced s t a r t i n g  w i t h  a pure hydrogen galaxy. 

A l a r g e  g a l a c t i c  age (2 2 x lo1' yea r s )  i s  requi red  f o r  such 

m o d e l s .  This age may be g r e a t l y  extended i f  star formation 

is turned  on gradual ly .  I n  a l l  of our  models the heavy element 

. .  

! 
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content  of t h e  i n t e r s t e l l a r  medium r a p i d l y  rises and then  

changes l i t t l e  w i t h  t ime, whereas t h e  helium con ten t  rises 

much more slowly. This behavior of the heavy elements is  

q u a l i t a t i v e l y  confirmed by abundance ana lyses  of stars. 

I n  our m o d e l s  w e  also f ind  the ra t ios  of p r i n c i p a l  long- 

l ived  r a d i o a c t i v i t i e s  t o  be approximately those observed ' 

f o r  t h e  solar system, a t  t h e  t i m e  of its formation, over 

a l a r g e  part  of galactic h i s t o r y ,  including t h e  t i m e  that  

t h e  i n t e r s t e l l a r  medium acqui res  a helium con ten t  t y p i c a l  of 

the  sun. Hence w e  conclude t h a t  our m o d e l s  are c o n s i s t e n t  

w i th  requirements on t h e  r a d i o a c t i v i t i e s ,  b u t  w e  a lso conclude 

t h a t  no u s e f u l  t i m e  can be der ived  for t h e  o n s e t  of nucleo- 

s y n t h e s i s  i n  t h e  galaxy. 

W e  wish t o  thank M r .  B. Golds te in  for assistance wi th  

t h e  computations. 

. 
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Fiqure Captions 

F igure  1. The adopted i n i t i a l  luminosity func t ion  is presented  

as a func t ion  of v i s u a l  magnitude. 

F igure  2. The mass of a star is plotted as a func t ion  of 

v i s u a l  magnitude. 

F igure  3. The l i f e t i m e  of a star on the main sequence i s  

presented as a func t ion  of v i s u a l  magnitude. 

F igure  4. The compositional s t r u c t u r e  of a star as a func t ion  

of mass i n  the  f i n a l  s t a g e  of evolut ion.  

Figure 5. The compositional h i s t o r i e s  of the galaxy are traced 

for  the ind ica t ed  p r e s c r i p t i o n s  for the gas c o n t e n t  

funct ion.  The t i m e  of formation of the sun corresponds 

t o  t h e  cond i t ion  that  the  helium mass f r a c t i o n  Y = 0.24. 

Figure  6. The nucl ide  ratios Us" / v23B and ThH / are 

i l l u s t r a t e d  as a func t ion  of galactic age for the 

i nd ica t ed  gas  con ten t  p re sc r ip t ions .  

Figure 7. The c a l c u l a t e d  ra t io  of the Ila9 abundance t o  that  

of a stable nucleus formed by the same p r e s c r i p t i o n  is  

plotted for  a 10 b i l l i o n  yea r  i n t e r v a l  cen tered  on the 

t i m e  of formation of t h e  sun for  a v a r i e t y  of m o d e l s .  

(1.) 

a = 1.997 x 10-l' 

,at = n o  emat, a = 2.996 x 10'" (2.) Ng =n\, e 

,at ( 3 . )  TTb, = TT\o e , a = 1.498 x 
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(4.)  - e-at, a = 1.198 x 10’” ( 5 . )  m4 = Q x 

X(1 + at)e’at, a = 1.90 x 10-l’ ( 6 . )  \ = mo (1 + a t  + 
a a  0.5a t a = 2.52 x 10’” . 

Figure 8 .  The c a l c u l a t e d  ra t io  of t h e  K40 abundance t o  t h a t  

of a stable nucleus formed by t h e  same p r e s c r i p t i o n  is 

plotted far a 10 b i l l i o n  year  i n t e r v a l  centered on t h e  

time of formation of the  sun for a v a r i e t y  of m o d e l s .  

(1.) m4 = ”L, e’at, a = 2.996 x 10”’ (2.) ms = V0 e-at, 

a = 1.997 x 10”O 

(4.)  \ = % e-at, a = 1.198 x 10”’ 

( 3 . )  $ = no e-at, a = 1.498 x 10-l’ 

(5.) % = X 

X ( l  + at)e’at, a = 1.90 x 10-l’ (6.) = & (1 + a t  + 
a a  

0 . 5 a  t )e-a’:t, a = 2.52 x 10”O . 
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